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Abstract
We present magnetization, specific heat, and 27Al NMR investigations on YbFe2Al10 over a wide range in temperature and magnetic
field. The magnetic susceptibility at low temperatures is strongly enhanced at weak magnetic fields, accompanied by a ln(T0/T )
divergence of the low−T specific heat coefficient in zero field, which indicates a ground state of correlated electrons. From our hard
X-ray photoemission spectroscopy (HAXPES) study, the Yb valence at 50 K is evaluated to be 2.38. The system displays valence
fluctuating behavior in the low to intermediate temperature range, whereas above 400 K, Yb3+ carries a full and stable moment,
and Fe carries a moment of about 3.1 µB . The enhanced value of the Sommerfeld Wilson ratio and the dynamic scaling of spin-
lattice relaxation rate divided by T [27(1/T1T )] with static susceptibility suggests admixed ferromagnetic correlations. 27(1/T1T )
simultaneously tracks the valence fluctuations from the 4f -Yb ions in the high temperature range and field dependent antiferromagnetic
correlations among partially Kondo screened Fe 3d moments at low temperature, the latter evolve out of an Yb 4f admixed conduction
band.
PACS numbers: 71.27.+a, 74.40.Kb, 76.60.-k, 76.60.Es, 71.10.Hf
Novel phases ranging from unconventional supercon-
ductivity and spin liquid to quantum criticality in correlated
electron systems result from competing interactions be-
tween magnetic, charge, orbital and lattice degrees of free-
dom [1, 2]. Competing interactions such as the mostly an-
tiferromagnetic (AFM) Rudermann-Kittel-Kasuya-Yosida
(RKKY) exchange and the Kondo effect on a localized
spin may lead to a magnetic instability which generates
unusual temperature (T ) and magnetic field (H) scaling
behavior of bulk and microscopic observables. The com-
peting magnetic interactions frequently produce general-
ized non-Fermi liquid (nFL) scaling in the thermal behav-
ior of physical properties. If the RKKY spin exchange suc-
ceeds in overcoming the thermal energy of the spin system
conducive to a paramagnetic-to-AFM transition, the addi-
tion of a competing Kondo spin exchange with the con-
duction electrons achieves a curbing effect on the phase
transition. Moreover, under favorable conditions such as
applied pressure or magnetic field the phase transition may
become confined to temperatures arbitrarily close to zero,
which in turn leads to remarkable thermal scaling in the
realm of quantum criticality[3–7]. In exceptional cases
quantum criticality presents itself under ambient condi-
tions, such as in U2Pt2In [8, 9] or in the superconduc-
tor β−YbAlB4 [10]. Quantum criticality stemming from
ferromagnetic exchange on the other hand is a rare occur-
rence, and has been discussed among 5f−electron systems
such as UGe2 [11, 12] or UCoGe[13, 14], 4f systems like
YbNi4(P1−xAsx)2 [15, 16], Ce(Ru1−xFex)PO[17, 18], and
in weak itinerant ferromagnets like ZrZn2 [19] and NbFe2
[20]. YFe2Al10, an isostructural version of YbFe2Al10
with no 4f−electrons, is reported to be a plausible can-
didate for a FM quantum critical magnet[21–25].
The ternary orthorhombic aluminides of RM2Al10 type
(R =rare earth element, M =Fe, Ru, Os) have been
the subject of considerable debate in view of a fascinat-
ing conundrum of physical properties. Most notable are
the extremes of magnetic interactions found in the Ce se-
ries ranging from unprecedently high AFM order at 27 K
in CeRu2Al10 [26–29] to the Kondo insulating state in
CeFe2Al10 [30]. In the present study to further unravel the
nature of the 3d−electrons in this class of material, we as-
sess the response of Fe-based magnetism in the presence
of localized magnetism, namely the rare earth element Yb,
and we use a combination of bulk and microscopic probes
due to the anticipated complexity of an admixture of dif-
ferent types of magnetic exchange. A comparable situation
can be found in CeFe2Al10 in which the confluence of the
two types of magnetic species has the surprising effect of
producing the non-magnetic Kondo insulating state [30],
which is an extreme case of local-moment hybridization
with the conduction electrons. Recently, there has been
a resurgence of research activities in intermediate valence
systems following the discovery of superconductivity and
quantum critical behavior in an intermediate valence (IV)
heavy fermion β−YbAlB4[10, 31–38].
In this Letter, we present comprehensive magnetic sus-
ceptibility, specific heat, and 27Al NMR investigations on
1
polycrystalline YbFe2Al10. Furthermore, hard X-ray pho-
toemission spectroscopy (HAXPES) at SPring-8, Japan
was carried out as a direct probe of the valence state of
Yb. Magnetic susceptibility and specific heat display low
temperature divergences, yet without any signature of mag-
netic ordering down to 0.35 K. In order to understand the
low energy spin dynamics governing the underlying mag-
netism of the title compound, we have carried out NMR
investigations with special attention to the spin-lattice re-
laxation measurements. The low field spin-lattice relax-
ation rate shows a divergence towards low temperatures,
which is consistent with magnetization and specific heat
data. The observed deviations from the FL behavior is as-
sociated with correlated 3d Fe moments strongly coupled
via the conduction band, which is hybridized with the Yb
derived 4f states.
Polycrystalline samples of YbFe2Al10 have been sythe-
sized following a method discussed elsewhere[22, 28]. The
dc magnetic susceptibility χ(T ) (=M(T )/H) and ther-
mopower data were obtained using a QD PPMS.
In a recent work, a Kondo-like electrical resistivity accom-
panied by divergences in magnetic susceptibility, χ(T ) and
the Sommerfeld coefficient γ(T ) = Cp(T)/T (where Cp(T )
is the electronic specific heat) in zero field were reported
[23] on YbFe2Al10. The magnetism of Yb in this com-
pound was demonstrated [39] to be subject to an unstable
valence and to recover its full trivalent state at T > 400 K,
which is in agreement with earlier reports[40].
Shown in Fig. 1 (a) is the field dependent magnetic sus-
ceptibility, χ(T ) of YbFe2Al10. The values of χ(T ) are
enhanced by one order of magnitude in comparison with
the non-4f electron homologue YFe2Al10 [21], which in-
dicates a strong hybridization of the Yb derived 4f states
with the conduction electron states. A modified band struc-
ture is therefore expected with subsequent effects on the
itinerant 3d magnetism of Fe. Towards elevated temper-
atures, Yb tends to reach its full trivalent state and this
temperature-driven evolution is appropriately reflected in
the thermopower S(T ) i.e., by a broad peak centered at
T* (≈100 K) (see Fig. 1(d)), which we use to denote the
temperature scale of the valence change of Yb. Such a peak
in thermopower is typical for IV Yb compounds, and our
HAXPES study on YbFe2Al10 confirmed such an IV state
of Yb in this compound and valence of Yb is evaluated to
be 2.38 (see Supplemental Material for more details). At
the high temperature end, the consequence of this peak is
played out by a change in the sign of S(T ) at about 300 K,
which likely implies a temperature-driven change in the
relative weights and participation of both holes and elec-
trons in the underlying bandstructure. This could also be
due to the asymmetry of the density of states (DOS) or the
scattering rate at the Fermi energy for a single band. How-
ever, the negative sign in S(T ) of YbFe2Al10 signals stable
and local-moment magnetic character of Yb above 300 K,
because S(T ) native to the weakly hybridized 4f 13+δ state
of Yb is expected to be negative [41].
The small upturn in S(T ) below 10 K is consistent
with the incoherent Kondo like restistivity ρ(T )[23]. A
peak in ρ(T ) at T ≃ 4.5 K (see Supplemental) is remi-
niscent of Kondo-lattice behavior[23].The Kondo type up-
turn in ρ(T ) as well as the low−T divergence in χ(T ) is
quenched by applying magnetic fields of a few teslas. The
initial susceptibility χ(H → 0) at 2 K as well as the high-
field magnetizationM(H) yield extremely small values of
the magnetic moment in YbFe2Al10. Following a weak
curvature in the M(H) in low fields, there is however no
saturation achieved in M(H) at 2 K even up to 7 T , Fig.
1(c), where a quasi-linear in field magnetization is found.
FIG. 1: (Color online) Temperature dependence of χ in various
applied magnetic fields (b) 1/χ vs. T at 0.1 T with Curie-Weiss
fits. (c) Magnetization isotherm at 2 K and the inset shows the
χ−1 vs. T in 5 kOe and 10 kOe with Curie Weiss fit as discussed
in the text (d) Temperature dependence of thermopower.
A detailed analysis of χ(T ) (see Fig 1b) reveals an in-
termediate valence (IV) state of Yb at low and intermediate
temperatures, but Yb recovers its full moment (4.54 µB)
with a high spin state Fe (3.1 µB) at T >400 K with pre-
dominant AFM correlations. A similar scenario has been
discussed in the IV Yb-based skutterudites YbFe4Sb12 [42]
and YbFe4P12[43]. The deconvolution of the Fe−3d con-
tribution and the more localized Yb−4f contribution is
a daunting task and beyond the scope of this manuscript.
Nonetheless, based on the model of Rajan[44], for the
Yb−4f part a constant and T -independent susceptibility
could be expected towards low temperatures. The HAX-
PES measurement performed with hυ=6.5 keV at 50 K
confirms the IV state of Yb with valence 2.38 (see Supple-
mental). Therefore, we assume that the magnetism below
50 K is solely driven by the Fe 3d moments in YbFe2Al10
and we speculate that the Curie-Weiss behavior of χ(T )
in the intermediate temperature range 80≤T≤370 K is as-
sociated to Fe-3d moments with an effective moment of
2
3.1/
√
2= 2.2 µB.This is in contrast to its non-4f analog
YFe2Al10 where Fe carries a much smaller magnetic mo-
ment of 0.35 µB per Fe[21, 24]. This might be related to
the difference in charge transfer from the divalent Yb2+ to
the Fe2Al10 host lattice in comparision to the trivalent Y3+.
The Curie-Weiss behavior of χ(T ) at T ≤10 K (see Fig.
1(c) inset) reveals a small Fe moment 0.89/
√
2=0.63 µB
per Fe in YbFe2Al10. The Weiss temperature of θ ≃ –2
K yields an on-site Kondo temperature of the Fe moments,
which amounts to several Kelvins[45].
Shown in Fig. 2(a) is the specific heat coefficient γ(T )
in different magnetic fields measured using the 3He option
of QD PPMS. The specific heat coefficient (γ) is enhanced
towards low temperatures and follows a ln(T0/T ) behav-
ior with T0= 2 K in zero field, which suggests a correlated
behavior of electrons. This may be attributed to entropy
of unquenched spin degrees of freedom, or to impending
cooperative behavior at much lower temperatures. Applied
magnetic fields achieve a suppression and eventual satura-
tion into a constant value of Cp/T and thus the recovery
of the Fermi liquid ground state. The ratio of the enhanced
γ0 value at zero field to the fully quenched value γH in 9 T
at 0.35 K is about 2.5. Surprisingly, this enhancement fac-
tor is qualitatively similar to that of the non-4f compound
YFe2Al10 [39]. Despite the fact that the relative enhance-
ments ∆γ/γH = (γ0 − γH)/γH are similar, it should be
mentioned that the T dependencies of Cp/T are dissim-
ilar: (ln(T0 /T ) for YbFe2Al10 and power law behavior in
case of YFe2Al10). For YbFe2Al10 the magnetic entropy
(0.014Rln2) below 2 K is about three times larger than its
non-4f counter part YFe2Al10[46]. Therefore, we relate the
low-temperature divergence of the Sommerfeld coefficient
to the emergence of correlations among Fe moments ampli-
fied by the strong hybridization between Yb−4f states and
s + d conduction band states at the Fermi level. The field
dependence of the Sommerfeld coefficient at 0.5 K follows
a H−0.35 behavior (Fig. 2b), and the transition to a con-
stant in temperature regime provides the crossover scale
between FL and nFL behavior (inset of Fig. 2b).
The residual quenched Sommerfeld coefficient of γH =
75.3 mJ/mol K2 in YbFe2Al10 exceeds that of the La equiv-
alent [30] by a factor ∼ 3, which indicates that the Fermi
level in YbFe2Al10 is occupied predominantly by heavy
charge carriers. An enhanced value of the Sommerfeld-
Wilson ratio RW = pi2k2B/µ0µeff(χ/γ) ≈ 12 at 2 K indi-
cates the presence of FM correlations. It is worth to men-
tion that there is a striking similarity of YbFe2Al10 specific
heat data shown in Fig. 2a to those of β−YbAlB4 [10],
which is a rare example of an IV system with local mo-
ment low-T electron correlations[37]. Another prominent
example in that context is the IV metal YbAl3[47].
27Al-NMR (I = 5/2) measurements have been per-
formed using a standard Tecmag NMR spectrometer in the
temperature range 1.8 ≤ T ≤ 300 K and in the field range
0.98 ≤ µ0H ≤ 7.27 T. The orthorhombic crystal struc-
ture of YbFe2Al10 hosts five inequivalent Al sites. Usually
FIG. 2: (Color online) (a) Temperature dependence of specific
heat coefficients taken in different applied magnetic fields. The
solid line is a fit to ln(T0/T ) with T0 = 2 K. (b) CP(T )/T vs.
µ0H at 0.5 and 2 K, with solid line is a fit to H−0.35. The inset
shows the field dependence of the cross over temperature (to FL
behavior) obtained from CP(T )/T .
this results in rather broad NMR spectra with a clear cen-
tral transition and superimposed first order satellite transi-
tions. Surprisingly, we found a rather well-resolved central
transition with a small field dependent anisotropy, which
implies that the different Al sites are rather equal in their
magnetic environment[21, 39].
FIG. 3: (Color online) 27Al NMR spectra at 80 MHz for different
temperatures.The inset shows the simulation of the 4.3 K spectra.
The sharp central transition enables us to perform 27Al
spin-lattice relaxation rate (SLRR) measurements consis-
tently following saturation recovery method with suitable
rf pulses and the results are shown in Fig.4. The relax-
ation rate divided by T , i.e. 1/T1 T , shows a divergence
towards low temperatures (Fig. 4a) with a proportional-
ity χ(T )/
√
T in the lowest magnetic fields. Such a dy-
3
namic scaling is frequently found in heavy fermion sys-
tems with AFM correlations and even with admixed FM
correlations like in CeFePO [48–50]. In addition, the rel-
ative change [(γ0 − γH)/γH]2 = 1.7 underestimates the
SLRR enhancement found in the experiment (≃ 4.6). The
stronger enhancement in the SLRR points towards the pres-
ence of dominant q = 0 contributions, as a response to
FM correlations. Usually the specific heat is more sen-
sitive to finite q excitations which explains the difference
in the enhancement factors. In contrast with the discrep-
ancy in the T enhancement, the field dependence of the
SLRR is in agreement with the Fermi liquid theory exhibit-
ing 1/T1T ∼ (C/T )2 ∼ γ2 behavior. Here a power law
H−0.35 is found for the Sommerfeld coefficient which im-
plies a power law H−0.7 for the SLRR. This field depen-
dence is indeed found for the SLRR at 2.5 K (see Fig. 4b
with H−0.77), which is further supported by 1/T1T ∼ χ2
behavior commonly found in local-moment metals and is
in contrast to that observed in YFe2Al10 [21].
Independent of the magnetic field a peak (Fig.4a) in the
SLRR at T ∗(≃100 K) signals the onset of valence fluc-
tuations in the SLRR of the Al nuclei at high tempera-
ture. In general the SLRR probes the q−averaged low ly-
ing excitations in the spin fluctuation spectra and 1/T1T
can be expressed as; 1
T1T
∝ ∑q | Ahf (q) |2 χ
′′(q,ωn)
ωn
,where Ahf (q) is the q−dependent form factor of the hy-
perfine interactions and χ′′(q, ωn) is the imaginary part
of dynamic electron spin susceptibility [51, 52]. In the
presence of q−isotropic 4f fluctuations of IV Yb coex-
isting with q = 0 FM 3d correlations, the SLRR could
be approximated by 1
T1T
≃ Ahf 2χ0 [τ 3d + τ 4f ], where
τ 4f (= 1/Γ4f ) is the effective fluctuation time of the 4f
ion, τ 3d(= 1/Γ3d ) is the effective fluctuation time of
the 3d ion (Γ4f ,3d are corresponding dynamic relaxation
rates), and χ0 is the uniform bulk suceptibility. It has to
be mentioned that in case of large valence variations (like
in Eu systems where the valence could vary between 2+
and 3+) the electronic structure may be perturbed which
changes Ahf , but we omit this detail for YbFe2Al10 and
assume that Ahf is not varying with temperature.
The beauty of these results is that 27 Al NMR simulta-
neously senses the valence fluctuations from the 4f - Yb
ions in the high temperature range and the low temperature
field dependent Kondo-like correlations associated to the
3d- Fe ions. Upon the application of high magnetic fields
these fluctuations are quenched (here τ 3d ≪ τ 4f for entire
temperature range). Therefore, the relaxation rate at 7.27
T allows for the determination of the effective fluctuation
time τ 4f = 1/Γ4f ,which is plotted as a function of temper-
ature in Fig. 4(c). The step like change of τ 4f at about 100
K signals more a charge gap scenario (like in Kondo insu-
lators) than an intermediate valence system with a smooth
variation in τ 4f . With the knowledge of the T dependent
(but not H -dependent) relaxation time τ 4f , we now pro-
ceed to fit the 1/T1T vs. T results in low magnetic field.
FIG. 4: (Color online) (a)27(1/T1T ) vs. T in different applied
magnetic fields. The solid line is the calculated value as discussed
in the text. (b) The field dependence of 27(1/T1T ) at 2.5 K with
a fit to H−0.77.(c) The temperature dependence of τ4f at 7.27 T.
Surprisingly, the assumption of τ 3d = 1/
√
T ∝ χ results
in a very good agreement with the experimental data (red
line in Fig. 4(a)), which also explains the 27(1/T1T )∝ χ2
behavior at T →0 limit. With this approach we have
convincingly shown that NMR is able to probe both en-
ergy regimes; i) the high-temperature IV regime where Γ4f
is changing strongly and ii) the low-T regime where Γ4f
is constant and Γ3d shows a local moment behavior with
Γ3d ∝
√
T .
In conclusion, we have found an unexpected localization
of Fe-derived 3d states upon cooling YbFe2Al10 to helium
temperatures. As in this material the Yb-derived 4f elec-
trons form a non-magnetic, intermediate-valent state at low
temperatures (with Yb valence 2.38), the observed Kondo-
lattice behavior has to be attributed to the localized 3d elec-
trons. Because of the low on-site Kondo scale of T0 ≈ 2 K,
one would expect the 3d magnetic moments to be subject
to some kind of long-range ordering[53]. However, this ap-
pears to be avoided, at least above 0.4 K, by a competition
between ferro- and antiferromagnetic correlations, which
have been inferred from a strongly enhanced Sommerfeld
Wilson ratio on the one hand and the field dependencies
of the specific heat and spin-lattice relaxation rate on the
other.
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SUPPLEMENTAL MATERIALS
I. Magnetic susceptibility
The temperature dependence of the dc magnetic suscep-
tibility χ(T ) was measured in different magnetic fields in
the temperature range 1.8≤ T ≤ 300 K using Quantum
Design (QD) SQUID magnetometer. In addition, measure-
ments up to 800 K were carried out using the SQUID-
Vibrating Sample Magnetometer.
The Curie-Weiss (CW) fit of the inverse magnetic sus-
ceptibility 1/χ(T ) in the temperature range 80 ≤ T ≤ 370
K yields an effective Fe moment of µ3d =3.1/
√
2 = 2.2
µB whereas the CW fit in the high temperature range 400
≤ T ≤ 800 K results in an effective moment of 6.3 µB
which is too large to assign to Yb3+ exclusively (Fig. 1b of
the manuscript). This is due to the combined role of Fe and
Yb magnetic moments on the underlying magnetism of this
system. Hence we associate this net magnetic moment to
arise from two Fe (two identical octahedral sites occupied
by Fe in the lattice) and one Yb moments. This scenario
is most likely in view of the intermediate valence state of
Yb in YbFe2Al10, which is confirmed by more definitive
probe for valence transition i.e., HAXPES and the results
are discussed in the following section. The negative val-
ues of the Weiss temperatures obtained from the CW fit
in both temperature ranges suggest the dominant antiferro-
magnetic correlations[1, 2]. The observed magnetic sus-
ceptibility is strikingly different from the recently reported
non-4f homologue critical ferromagnet YFe2Al10 [3]. In
addition the CW fit of the magnetic susceptibility data in
the T ≤ 10K unveil a very low Weiss temp, θCW ≃ –
2 K, which signals an on-site Kondo screening between
Fe 3d moment with Kondo temperature of a few Kelvin.
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FIG. 5: (Color online) (a) Temperature dependence of
ρ(T)/ρ(40K) in various applied magnetic fields for sample 1. (b)
Temperature dependence of ρ(T)/ρ(40K) in various applied mag-
netic fields for sample 2.
Furthermore, an evaluation of the stability of the FM phe-
nomena in YFe2Al10 revealed that the quantum criticality
found in YFe2Al10 is not pliant with small variation in the
Fe content[4]. So the present compound YbFe2Al10 offers
a fertile ground to study the low temperature correlation
among 3d Fe along with high temperature fluctuations due
to 4f Yb moments.
II. Electrical resistivity
The temperature dependence of resistivity ρ(T ) in
YbFe2Al10 was obtained in the temperature range 1.8≤
T ≤ 50 K in three applied magnetic fields for the first
sample and in an extended temperature down to 0.4 K in
zero field and 9T for the second sample. The magnetic
contributions to the resistivity were obtained by subtract-
ing the resistivity of LaRu2Al10 as a non magnetic refer-
ence. The resulting normalized [ ρ(T )/ρ(40K)] data are
shown in Fig.5. The ρ(T)/ρ(40K) data exhibits a logarith-
mic divergence in the intermediate temperature regime and
passes through a maximum at about 4.5 K and decreases
at low temperature.The crossover from incoherent Kondo
scattering to coherent Kondo scattering behavior of the re-
sistivity below 4.5 K can be interpreted in the framework
of the Kondo impurity model with S = 1/2[5–7].
The field dependence of electrical resistivity is consis-
tent with the interpretation of Costi for dilute magnetic
alloys[6–8] and could be explained as well in good agree-
ment with our experimental data. The observed behavior
in resistivity is reminiscent of a Kondo-lattice behavior and
therefore clearly evidences the presence of strong electron
correlations among Fe (S = 1/2) moments at low tempera-
tures. These results are consistent with magnetic suscepti-
bility data wherein the low temperature admixed FM cor-
relations are dominated by Fe moments and Yb displays an
intermediate valence state.
III. Specific heat
As a further measure of the low temperature correla-
tions, specific heat studies on polycrystalline samples have
been performed in various applied fields in the tempera-
ture range 0.35 ≤ T ≤ 10 K using the 3He option of
QD PPMS. It may be noted that in high magnetic fields
Cp(T )/T slightly increases at very low temperature, which
is attributed to the high temperature part of the nuclear
Schottky contributions. This part could be described as
CN=β/T 2 (where β depends on magnetic field), which
appears because of the Zeeman interaction and the elec-
tric field gradient at the nuclear site responsible for lifting
the degeneracy of the nuclear energy levels. The nuclear
Schottky contributions to the specific heats in magnetic
fields are subtracted[9] and the resulting plot is shown in
Fig. 2a in the manuscript.
IV. 27Al (I = 5/2) Nuclear Magnetic Resonance (NMR)
27Al-NMR (I = 5/2) spectra and spin-lattice relaxation
measurements have been performed using a standard Tec-
mag NMR spectrometer in the temperature range 1.8 ≤
T ≤ 300 K and in the field range 0.98 ≤ µ0H ≤ 7.27 T.
YbFe2Al10 hosts five inequivalent Al sites but different Al
sites are rather equal in their magnetic environment, which
are very similar to our previous NMR results on the struc-
tural homologue YFe2Al10[21]. There are no sharp fea-
tures assigned to the first order quadrupolar transitions and
no appreciable shift observed in the 27Al-NMR line (Fig. 3
of the manuscript), but instead a broadening of the central
transition with decreasing temperatures is found. The line
width (FWHM) increases with decreasing temperature and
scales with the bulk susceptibility yielding a Curie-Weiss
like behavior. At the lowest T and in small magnetic fields
the scaling of FWHM with χ(T ) breaks down, which is
in-line with the expected behavior at the onset of electronic
correlations. Furthermore, the narrow central transition ev-
idences high purity of the sample studied here and indicates
the absence of onsite disorder and Al-Fe site exchange.
The recoveries of longitudinal magnetization at time t ,
Mz(t ) after the saturation pulse in the temperature and field
range of the present investigation were fitted with a single
component appropriate for I= 5/2 nuclei 1-Mz (t )/M (∞)
=0.0291e−t/T1+0.178e−6t/T1+0.794e−15t/T1,where M(∞)
is the equilibrium magnetization[3, 10].
V. Hard x-ray photoemission spectroscopy(HAXPES)
In order to gain further insights into the electronic states
and to determine the valence state of Yb in YbFe2Al10,
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FIG. 6: Wide scan of YbFe2Al10 measured at 50 K. No O 1s and
C 1s were observed.
FIG. 7: Yb 3d spectrum of YbFe2Al10 measured at 50 K. The Al
1s peak with its plasmon peaks are also indicated.
hard x-ray photoemission spectroscopy (HAXPES) with
hν = 6.5 keV were performed at BL12XU of SPring-8,
Japan. The HAXPES spectra were taken by using a hemi-
spherical analyzer (MB Scientific A1-HE) and the overall
energy resolution was set to about 0.2 eV. Clean surface
of the sample was obtained by fracturing in situ and the
spectra were measured at 50 K. The binding energy of the
spectra was calibrated by the Fermi edge of a gold film.
A full-range energy HAXPES spectrum of YbFe2Al10
revealing the well-resolved three elemental contributions
from the title compound is shown in Fig. 6. We note the
absence of any extraneous contributions such as oxygen or
elemental carbon.
Figure 7 depicts the Yb 3d spectra of YbFe2Al10 mea-
sured at 50 K. The Yb 3d spectrum is split into 3d5/2 region
FIG. 8: The Yb 3d5/2 spectra of YbFe2Al10 measured at 50 K
and its simulation consisting of the Yb2+ and Yb3+ 3d5/2 mul-
tiplets and their plasmon satellites as well as an integral back-
gound.
at 1515-1540 eV and 3d3/2 region at 1565-1580 eV due to
the spin-orbit interaction. A strong Al 1s peak can be ob-
served around 1560 eV and its plasmon peaks are visible at
16.3 eV higher binding energies and multiples thereof.
Figure 8 shows in more detail the Yb 3d5/2 spectra of
YbFe2Al10 measured at 50 K. Here, we will evaluate only
the 3d5/2 part of the Yb 3d spectra because the tail of the
enormous Al 1s peak and its plasmon structure are over-
lapping with the 3d3/2 region. The Yb2+ component is ob-
served as a prominent peak at 1520 eV and the Yb3+ com-
ponent shows up at 1525-1535 eV as a multiplet structure
arising from the Coulomb interaction between the 3d and
4f holes in the electronic configuration of the 3d94f 13 fi-
nal states. The structures at higher binding energies can be
attributed to the plasmon satellites of these Yb core levels.
Coexistence of the Yb2+ and Yb3+ structures indicates di-
rectly the intermediate valence states of Yb in YbFe2Al10.
To extract a number for the Yb valence in YbFe2Al10
we performed a simulation of the spectrum by taking into
account not only the Yb3+ line and the Yb2+ multiplet
structure, but also their respective plasmon satellites, the
relative intensities and energy positions of which were cal-
ibrated using the Al 1s and its plasmons. Including also
the standard integral background, we were able to obtain
a satisfactory simulation of the experimental spectrum, see
Fig.8. The Yb valence is then estimated to be 2.38. We
note that a similar HAXPES study was performed recently
on the quantum critical intermediate valent compound β-
YbAlB4 by M. Okawa et al[11]. There, the much higher
prevalence of the magnetic Yb3+ state is consistent with
the heavy fermion ground state in β-YbAlB4, whereas in
7
YbFe2Al10 the Yb3+ is found to play a much more sub-
dued role.
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